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Abstract 
Silver coated gratings were fabricated using an ultraviolet nanoimprint process followed by an electron beam evaporation 
method. A SiO2 mold was used for the nanoimprint. The long and short range surface plasmon modes could be observed 
by adjusting the refractive indices of top and bottom surface layers of silver grating. The surface roughness (Ra) of silver 
affected the surface plasmon resonance characteristics. The deep and narrow plasmon coupling dip could be observed for 
the silver film with Ra less than 2 nm.  
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1. Introduction 
 
Nanofabrication process accelerates the researches on plasmonic devices. Strong electric field due to 
surface plasmon resonance (SPR) on a metal surface [1, 2] has been exploited for the sensing in the field of 
biochemistry [3, 4], gas detection [5] and hydrogen sensor [6-9]. Besides the localized plasmon using metal 
nanoparticles, the propagated surface plasmon polaritons are a promising way to obtain the enhanced electric 
fields on a metal surface. The Otto [10] or Kreschmann geometries [11] are conventional ways to couple an 
incident light to the metal surface. However, a large incident angle and complicated optical system restricts 
the applications in the wide area.  On the other hand, the SPR can be excited using surface relief gratings [12]. 
The resonance angle for incident light can be easily controlled by adjusting the grating period. Such grating 
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structure was simply fabricated by a nanoimprint method [13, 14]. 
Two kinds of SPR modes are reported depending on the metal thickness and the dielectric constants. 
Plasmon mode for a metal film sandwiched by two materials with different dielectric constants propagates 
only on an incident surface of excitation light, which is called as single interface (SI) [15]. On the other hand, 
when a thin metal film is sandwiched by two dielectric media with close refractive indices, plasmon modes 
are excited on both surface, and are interact with each other [16, 17]. Two coupled modes exist depending on 
the electric field distributions; symmetric or asymmetric. The former and the latter are called as short range 
surface plasmon (SRSP) and long range surface plasmon (LRSP). The LRSP is preferable for waveguide or 
sensing because of its strong and wide electric field [18]. However, the relationship between surface plasmon 
modes and metal quality has not been investigated, which is important for LRSP because the plasmon 
polaritons propagate on the surface of thin metal film. 
This study investigated the relationship between the SPR characteristics and the metal surface roughness 
for silver coated gratings, which is an essential issue for the application as a highly sensitive plasmonic chip 
for chemical analysis, fluorescence imaging and so on.  
 
2. Experimental 
 
2.1 Fabrication of gratings 
 
Grating molds were fabricated on SiO2 glass substrates using a two-beam interference laser lithography and 
dry etching process [19]. The grating pattern was transcribed onto an ultraviolet (UV) curable resin (NSPN-
400, Nissan Chemical Industries, LTD) using an UV-nanoimprint lithography [20]. A fluoro-resin coating 
agent (HD-1101TH, Daikin) was coated on the mold surface before the imprint. An UV light of 30 mJ/cm2 in 
power density illuminated to the resin from the rear side of the SiO2 mold. Figure 1 shows the surfaces of 
SiO2 mold and imprinted resin grating. In our previous paper [13], the grating parameters were optimized 
depending on the excitation wavelength. In this study, the grating with 500-nm period, 20-nm groove depth, 
0.5 duty ratio was used for the plasmon excitation with an  He-Ne laser ( = 633 nm). The surface roughness 
(Ra) of the flat area beside the grating was estimated as 0.5 nm using an atomic force micro scope (AFM, SII 
Nanocute). 
The metal thin films were coated using an electron-
beam deposition (EB-deposition) set up. A Cr 
adhesion layer with less than 1-nm thickness was 
placed between the metal and the grating substrate. 
The surface roughness of the silver was also estimated 
using the AFM. For the observation of LRSP/SRSP 
modes, the metal surface was coated with the identical 
resin under the same illumination condition.  
 
2.2 Characterization of gratings 
 
A p-polarized He-Ne laser was used for the 
measurement of SPR characteristics of fabricated 
gratings. The excitation was carried out from the top 
surface of the grating. The reflected power was 
estimated using a photodiode (OP-2 VIS, Coherent, 
Inc.). Figure 2 shows the set up for the measurement. 
The grating chip was placed on the horizontal stage at 
the center of goniometer.  
    
(a)                                            (b)  
Fig.1 Surface observation of (a) the SiO2 mold and (b) UV 
curable resin grating. 
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Fig.2 Set up for the measurement of surface plasmon 
coupling dip. 
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3. Results and discussion 
 
3.1 Deposition Condition and Roughness of Silver 
 
The surface roughness (Ra) of silver thin film 
was investigated by changing its deposition rate. 
Figure 3 shows the relationship between the 
deposition rate and the surface roughness. It is 
evident that the roughness was drastically 
decreased with increasing the deposition rate. The 
origin of such tendency is rather ambiguous, but 
the increase in surface temperature of substrate 
should accelerate the grain growth of silver. 
Figure 4 shows the AFM images of the surfaces 
of flat film and gratings deposited at the rate of 
0.2 Å/sec and 10 Å/sec.   
 
 
3.2 SPR Coupling under SI Condition 
 
 The SPR dip attributed to the SI propagation 
was observed at the boundary surface between 
silver grating and air. Figure 5 shows the 
measured results for the grating with Ra of 1.8 
and 4.8 nm. As shown in (c), the angle of SPR 
dips were well agreed with the calculation result 
using the rigorous coupling wave analysis 
(RCWA), where the surface roughness was not 
considered for the calculation. It is evident that 
the coupling efficiency corresponding to the dip 
depth became low with the Ra. Furthermore, the 
propagation length of plasmon polariton should 
decrease because the dip width also increased 
with the Ra. Our systematic study gave the Ra 
less than 2 nm is preferable for the strong 
coupling of incident light to the SI-SPR. 
 
 
3.3 SPR Coupling under LRSP/SRSP Conditions 
 
   The propagation modes due to the LRSP and 
SRSP appear when the silver grating surface is 
coated with the material with similar dielectric 
constant. Figure 6 shows the SPR dips for the 
gratings shown in fig. 5 after coating with NSPN-
400 of 1.2 m thickness followed by the UV 
illumination. Two dips appeared in the region 
between 15 and 30 deg. The narrow and deep dip 
    
(a)                              (b) 
     
         (c)                              (d)  
Fig.4 Surface observation of silver thin films of (a), (b) frat 
areas and (c), (d) grating areas deposited at different rate: 0.2 
Å/sec for (a) and (c), 10 Å/sec for (b) and (d). 
Fig.3 Relationship between deposition rate and surface 
roughness of silver on resin substrate. 
Fig.5 SI-SPR curves of silver gratings formed on the NSPN-
400. The surface roughness (Ra) of silver is (a) 1.8 nm and (b) 
4.8 nm. Curve (c) is the calculation results using RCWA. 
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in the lower angle region can be attributed to the LRSP mode, and the broad dip in the higher angle region to 
the SRSP mode. The coupling angle and shape of these dip were susceptibly affected with the Ra of silver. 
The RCWA calculation gave the SPR dip shown in fig.6 (c), which also neglected the surface roughness. The 
difference between the calculated and measured results might be attributable to the discrepancies of 
parameters used for the calculation from those of the fabricated gratings, such as dielectric constant of 
materials and lattice parameters of gratings. Further investigations are currently in progress.   
The SPR dips due to LRSP and SRSP modes were observed just before the UV curing of NSPN-400 onto 
the silver grating surface. Therefore, the refractive index change of NSPN-400 could be monitored during its 
UV curing. Figure 7 shows the relationship between the UV illumination time and the coupling angle of 
LRSP mode. A precipitous change of the coupling angle was observed at UV irradiation of 10sec, which 
caused by the change in dielectric constant of resin. Therefore, the LRSP mode can be used for the monitoring 
of curing process of UV resin. 
 
 
 
4 Conclusion 
 Silver coated gratings were fabricated using the UV-nanoimprint followed by the EB deposition. The Ra of 
silver surface affected the SPR characteristics. The width and depth of SPR dip both for SI mode and 
LRSP/SRSP modes became narrow and deep with decreasing the surface roughness, resulting the Ra less than 
2 nm was required for the sensitive plasmoic sensor. In situ monitoring of UV curing process was successfully 
demonstrated using the LRSP modes of silver grating with small Ra. 
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